Auxotrophic mutants of Bacillus subtilis need much higher concentrations of the required adenine, nicotinic acid, riboflavin, thiamine, or tryptophan for optimal sporulation than for maximal growth. Acetate can partially replace thiamine, indicating the importance of the pyruvate dehydrogenase system for differentiation. A glycerol-requiring mutant can sporulate only if its cells contain a small concentration of L-a-glycerol phosphate during development. This can best be achieved by excess (>5 mM) of extracellular a-glycerol phosphate, which enters B. subtilis very slowly. The results show that both biosynthetic and catabolic enzymes ate often needed to maintain the precise balance of metabolites required for differentiation. Mutants unable to catabolize fructose 6-phosphate, glucose 6-phosphate, or a-glycerol phosphate do not sporulate as long as these compounds accumulate inside the cells; their development is blocked before prespore septa have formed.
Developmental abnormalities, caused by the alteration of biochemical reactions common to all organisms, can be studied more thoroughly in microorganisms, because one can isolate auxotrophic (nutritional) or cacogenic (developmental) mutants (1) and characterize them biochemically and genetically by using millions of organisms. Bacillus subtilis is such a microbe; it undergoes developmental changes after the end of growth, leading to the formation of heat resistant spores [7] [8] hr later (Tr-T8). For this organism we will show that certain metabolic deficiencies or excesses, resulting from nutrition or mutation, prevent differentiation or produce abnormal development. We will also demonstrate that differentiation of some cacogenic mutants can be restored by the controlled addition or removal of appropriate nutrients.
During growth, bacilli use up most amino acids and all rapidly metabolizable carbon sources (1, 2) . In the subsequent developmental period many metabolic reactions must be maintained to enable the extensive turnover of existing and the synthesis of new polymers (3, 4 Mutants were derived from the B. subtilis 168 strain. Strain (61447), lacking P-glucose isomerase and P-fructokinase activity was isolated by transformation of the P-glucose isomerase mutant (61372) (2) with DNA of the streptomycin resistant P-fructokinase mutant (61446) and selection of streptomycin resistant colonies; almost all transformants also lacked P-fructokinase activity, indicating a close genetic linkage between these genes. Nutrient sporulation medium (NSM or NSMP) and growth conditions were described earlier (2) . Acids were added as potassium salts at pH 6.5. For S3C medium 910 ml of distilled water containing 20 ml of 2 M KHrNa2H-PO4 buffer, to give pH 6.5, and 10 ml of 1 M (NH4)2SO4 were autoclaved; sterile solutions were then added, to give a final volume of 1 liter and 10 mM MgCl2, 0.7 mM CaC12, 0.05 mM MnCl2, 0.01 mM FeChl, 0.5 mg/ml of glycerol, 2.5 mg/ml of vitamin free casein-hydrolysate (Nutritional Biochemicals Corp.), and excess of any compound required by the mutants except the one to be limited.
Sporulation was followed by the appearance of phase bright bodies and measured by the frequency (S/V) of heat-resistant colony-forming units. In electron microscope observations the stages of sporulation at which mutants are arrested were statistically determined (6) .
The metabolism of [U-'4C]glycerol (2 ,MCi/ml) was followed in both the bacilli and their medium. a Deficiencies are abbreviated according to standard genetic nomenclature (7), got, glycerol-requiring; gpd, glucose-6-P dehydrogenase; pfk, P-fructokinase.
b At T6-T8 cells were fixed and stained; the developmental stages were statistically examined under the electron microscope at 15,OOOX magnification (6) .
c Cells had asymmetric but wall-filled septa.
permit sporulation (Table 2) . ([U14C]glycerol utilization was followed by radioactivity counts after paper chromatography.) Apparently, this mutant is in a dilemma with regard to differentiation. While glycerol is present, it is rapidly taken up, converted to L-a-glycerol-P, and used for growth via the catabolic glycerol-P-dehydrogenase (NAD independent); meanwhile, sporulation remains suppressed. When glycerol has been used up, the mutant cannot sporulate, because small quantities of glycerol-P are needed as membrane precursors. To resolve the dilemma, L-a-glycerol-P has to be somehow supplied to the inside of cells during development. This can be done by the frequent addition of small (nonsuppressing) amounts of glycerol (0.5 mM) every '/2 hr after growth has stopped; about 25% of the cells can then produce spores. But the following two methods suggest a more general approach to the curing of mutants that require the slow supply of a carbon compound during differentiation (or during maintenance of differentiated cells).
(1) Addition of malate, which represses glycerol kinase, prevents the rapid catabolism of glycerol so that glycerol-P is produced at a low rate (2) . Consequently, sporulation of the glycerol mutant can be restored when the mutant cells are grown in NSM containing malate-(10 mM) and enough glycerol (10 mM) that some of it remains for the production of prespore membranes and hence spores ( Table 2) . (2) Addition of excess DL-a-glycerol-P continuously provides the cells with L-a-glycerol-P. In contrast to glycerol, glycerol-P is very slowly taken up and used as a carbon source by B. subtilis (6) . As much as 50 mM glycerol-P in the medium does not interfere with sporulation of the standard strain. But 5 mM or more DL-a-glycerol-P restores normal sporulation in the mutant (Fig. 2) . The same argument applies to a mutant (61104) that is deficient in P-enolpyruvate carboxykinase, the first enzyme of gluconeogenesis. It cannot develop prespore septa (Table 1) or spores (Table 2) in NSMP, even if extra carbon sources are added from the beginning, because these carbon sources are used up at the end of growth, when development would begin (9) . But sporulation can be restored to almost normal values if NSMP contains DL-a-glycerol-P from the beginning ( Table  2 ).
Suppression of sporulation by the accumulation of phosphorylated intermediates
In NSMP, 0.2% glucose or other carbohydrates delay sporulation of the standard strain for about 2 hr, whereas 1% can delay it by more than 20 hr. To delimit the location of a possible sporulation suppressor on the metabolic chart, we used various mutants. The suppression of some of these mutants has been published previously (2, 6) sporulates normally in NSMP (which contains no glucose), and, with only a 2-3 hr delay, in NSMP containing 0.2% mannose, fructose, glycerol, or malate (Fig. 3) . But if the medium contains 0.2% glucose, the mutant cannot sporulate for a least 30 hr (Fig. 3) and development is arrested before prespore septation (Table 1) . The glucose-6-P concentration inside the cells reaches 40 nmoles/OD600, which corresponds to 40 mM, since the volume of 1 OD600 unit of cells is about 1 Mul. The glucose-6-P concentration in the medium increases during growth to 0.18 mM and remains essentially constant after growth has ceased. [After that time glucose can be taken up (as glucose-6-P) only if some glucose-6P is metabolized (e.g., via the leaky glucose-6-P dehydrogenase) to P-enolpyruvate because that is needed for the glucose phosphoenolpyruvate transferase. In fact, the concentration of glucose declines vdry slowly (Fig. 3 insert) .] Eventually revertants of the P-glucoisomerase marker grow up, metabolize the glucose, and then sporulate (Fig. 3) . No glucose-6-P accumulation is observed in the standard strain. Extracellular glucose-6-P added to NSMP does not support growth and suppresses sporulation only slightly in the standard strain or the mutant (Table 2) .
A double mutant (61447) deficient in P-fructokinase and P-glucoisomerase activities does not grow on mannose as sole carbon source and grows slowly on glucose (metabolized via the pentose shunt) and normally on all other carbon sources (fructose being metabolized via fructose-i-P to fructose-1,6-P2). It sporulates normally when NSMP contains 0.2% glycerol, malate, or fructose, whereas mannose suppresses sporulation for a long time (Fig. 4, Table 1 ). Apparently, the accumulation of some intermediate derived shows how the glucose concentration decreased first slowly and then rapidly, the latter being correlated with a rapid increase in the cell titer; all resulting spores grown into cultures and tested were revertants for P-glucoisomerase activity but not for the other two enzymes.
from mannose (mannose-6-P, fructose-6-P, glucosamine-6-P) keeps sporulation suppressed. 0.2% Glucose also suppresses sporulation for an extended time; it delays similarly sporulation of a single mutant lacking P-fructokinase activity (Table  2) .
A mutant (61402) lacking glycerol-P dehydrogenase (NADindependent) is unable to sporulate in NSMP because it accumulates glycerol-P (2, 6). Several hours after growth has stopped, the intracellular concentration of glycerol-P declines (Fig. 5) ; subsequently, the mutant cells produce asymmetric septa, which are all filled with cell wall (6) . Normally, gluconeogenesis produces glucosamine-6-P and thus mucopeptides only several hours after To (for incorporation into the spore cortex at T5). Since the mutant starts to form asymmetric septa much later than the standard strain it has apparently produced enough mucopeptide at that time that cell wall can grow into each developing septum, thus preventing further membrane invagination. If NSMP contains 0.2% additional glycerol, the intracellular glycerol-P is maintained at a high concentration for a long time (Fig. 5) . Cells are then arrested at the axial filament stage I (Table 1) ; only much later can few cells produce asymmetric wall filled septa (10% at T19), when all glycerol has been converted to glycerol-P, which in turn has been secreted by the cells. The accumulation of glycerol-P can be prevented by the addition of malate (40 mM) (2); the cells grow to a higher GD600 (3.5) and then sporulate at a frequency of 73%.
DISCUSSION
Excessive intracellular amounts of certain phosphates suppresses differentiation, and yet some of these compounds, e.g., HOURS HOURS FIG. 5. Glycerol metabolism of a glycerol-P dehydrogenase (NAD-independent) mutant. Strain 61402 (glpD) was grown in NSMP with no addition (left plot) and with 20 mM added glycerol (right plot). The concentration of glycerol (U) was measured in the medium at different times of growth (OD600 = A) and that of glycerol-P was followed both in the medium (0) and in cells (0). (12) . Since these phosphates do not prevent sporulation, they are probably bound or adsorbed to cell components so that they do not reach suppressing concentrations at critical sites. After development has started, the standard strain (60015) also accumulates high intracellular concentrations (30 mM) of inorganic phosphate; this does not prevent sporulation (12) , maybe because a reaction critical for development has already occurred at that time.
The phosphates (and perhaps other acids) which suppress sporulation in different mutants have so different structures that their effect may result from the phosphate (or acidic) moiety rather than from a more stereospecific inhibition. Hence, differentiation might be suppressible by the intracellular accumulation of any phosphate (or acid). Essentially normal sporulation can be restored if excessive phosphate synthesis is prevented or if the accumulated compound can be removed during a critical time of development. If the phosphate production stops and the accumulated compound is secreted after this critical time, differentiation may resume but result in abnormal development.
